Abstract. This paper analyzes the evolution of the Monte Perdido Glacier, the third 1 largest glacier in the Pyrenees, from 1981 to the present. We assessed the evolution of 2 the glacier's surface area by analysis of aerial photographs from 1981, 1999, and 2006, 3 and changes in ice volume by geodetic methods with digital elevation models (DEMs) 4 generated from topographic maps (1981 and 1999), airborne LIDAR (2010) and 5 terrestrial laser scanning (TLS, 2011(TLS, , 2012(TLS, , 2013(TLS, , and 2014 data. We interpreted the 
Introduction

6
Most glaciers worldwide have undergone intense retreat since the culmination of the Little Ice Age (LIA), believed to have been in the mid-19th century, as indicated by 8 measurements of ice surface area and volume (Vincent et al., 2013; Marshall, 2014; 9 Marzeion et al., 2015; Zemp et al., 2014) . This trend has apparently 10 accelerated in the last three decades (Serrano et al., 2011; Mernild et al., 2013; Carturan 11 et al. 2013a; Gardent et al., 2014; López-Moreno et al., 2014) . Marshall (2014) and 12 Zemp et al. (2015) noted that loss of global glacier mass during the early 21 st century 13 exceeded that of any other decade studied. Several studies have examined this 14 phenomenon in Europe. In the French Alps, glacier shrinkage has accelerated since the 15 1960s, mainly in the 2000s (Gardent et al., 2014) . In the Ötztal Alps (Austria), the loss water equivalent per year; hereafter m w.e. yr −1 ) was about twice that for the period 1933-1959 (-0.7 m w.e. yr −1 ) (Carturan et al., 2013b) . Over a similar period (1980-23 2010) , the rate of ice mass loss calculated for the Swiss Alps was -0.65 m w.e. yr Nevada of southern Spain, the Veleta Glacier, which formed during the LIA, evolved 3 into a rock glacier during the mid-20th century and has suffered marked degradation 4 during the last two decades (Gómez-Ortiz et al., 2014) .
5
The glaciers in the Pyrenees, which are among the southernmost in Europe (Grunewald 6 and Scheithauer, 2010), have also undergone significant retreat. In 1850, these glaciers covered by ice, with a 59% reduction in the Vignemale Massif and an 84% reduction in 10 the Posets-Llardana Massif (Gellatly et al., 1995; René, 2013) . A total of 111 glaciers world (Haeberli and Beniston, 1998; Beniston et al., 2003; Nogués-Bravo et al., 2008; 22 Gardent et al., 2014) . Global warming has increased the equilibrium line altitudes
23
(ELAs) and reduced the accumulation area ratios (AARs) of glaciers, such that most 24 glaciers are not in equilibrium with current climate (Mernild et al., 2013) and many 25 5 cannot persist for much longer (Pelto, 2010) . In the case of the Pyrenees, the annual air 1 temperature has increased by a minimum of 0.9ºC since the culmination of the LIA 2 (Dessens and Bücher, 1995; Feulliet and Mercier, 2012) . More recently, Deaux et al., 
10
Glaciers are very good indicators of climate change due to their high sensitivity to 11 anomalies in precipitation and air temperature (Carrivick and Brewer, 2004; Fischer et 12 al., 2015) . However, it is not always easy to establish a direct relation between annual 
19
Scientists have studied glaciers in the Marboré Cirque since the mid-19th century 20 (Schrader, 1874) , and many subsequent studies examined the status and extent of the ice 21 masses and moraine features deposited during the LIA (Gómez de Llarena, 1936; 22 Hernández-Pacheco and Vidal Box, 1946; Boyé, 1952 Chueca et al., 2004 Chueca et al., , 2007 Julián and Chueca, 2007 Orthophotography (NPAO).
7
The root mean squared error (RMSE) in elevation calculated by the IGN for their digital 8 cartographic products at 1:25000 scale is ± 1.5 m and ± 0.2 m for their LIDAR derived DEMs. To verify these accuracies, we compared 2010-1999, 2010-1981 and 1999-1981 10 pairs of DEMs in areas of ice-free terrain situated near the studied glaciers. The results
11
showed good agreement with the accuracy indicated by the IGN in almost all areas, an appropriate consistency over the glaciated terrain.
19
The combined vertical RMSE for DEM differences was < 2.5 m for 1999 minus 1981, ranged from 2.1 to 4.7 m, and was considered sufficiently precise for our study. The 12 maximum horizontal error was used to calculate the uncertainty in the glaciated areas 13 and their temporal changes. This uncertainty was calculated using the buffer tool in
14
ArcGIS. This tool allowed quantification of the area of the polygon generated with the 15 maximum horizontal error around the perimeter of the glacier. A resampling procedure 16 using cubic convolution was used to generate the final rectified images.
17
The most recent estimates of the evolution of the glacier were from annual TLS surveys.
18
LIDAR technology has developed rapidly in recent years, and terrestrial and airborne
19
LIDAR have been used in diverse geomorphology studies, including monitoring 20 changes in the volume of glaciers (Schwalbe et al. 2008 , Carturan et al., 2013b . The When TLS is used for long distances, various sources of error must be considered, in 4 particular the instability of the device and errors from georeferencing the clouds of 5 points (Reshetyuk, 2006) . We used an almost frontal view of the glacier (similar to the 6 view used for the photos shown in Figure 4 ) with minimal shadow zones in the glacier 7 and a scanning distance of 1500 to 2500 m. We also used indirect registration, also 8 called target-based registration (Revuelto et al., 2014) , so that scans from different dates were not statistically significant (p<0.05). The interannual air temperature range was 18 larger for the accumulation period (~5ºC) than for the ablation period (~2.5ºC). Precipitation at Góriz during the accumulation period also exhibited strong interannual 5 variability, with a range of approximately 600 mm to 1500 mm (Fig. 2e) . The trend line 6 showed a slight increase, but this was not statistically significant. Similarly, maximum 7 snow accumulation during April varied from less than 50 cm to 250 cm, and there was 8 no evident trend during the study period (Fig. 2f) . Monthly trend analysis (Table 1) 9 found a significant increase in precipitation at Góriz only during May, and near zero 17 Figure 3 shows the interannual evolution of air temperature and precipitation series for a to an overall rate of -0.77±0.17 ha yr -1 , more than three times the rate of the previous 18 10 years.
11
Comparison of the elevation of the glacier's surfaces derived from the DEMs (1981 to Figure 7 shows the frequency distribution of change in 12 surface elevation measured over the glacier for these periods. 
12
The overall result of a very negative year (2011-2012) for glacier development followed ). Another factor that should be considered in future research is the effect of 2 increases in the slope of the glacier due to greater thinning in the lower reaches.
3
Increasing slope is expected to affect snow accumulation on the glacier and might 4 constitute another feedback mechanism underlying the recent evolution of the glacier.
5
The glacier-wide mass balance rates presented in this study for 1980-1999 and 1999-6 2010 (-0.42±0.1 and -0.73±0.14 m w.e. yr -1 , respectively) are similar to those reported Acknowledgements. This study was funded by two research grants: "CGL2014-52599-P,
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Dalla Fontana, D., Godio, A., Martinelli, T., Salvatore, M.C., Seppi, R.: Decay of a 6 long-term monitored glacier: Careser Glacier (Ortles-Cevedale, European Alps). The 7 Cryosphere , 7, 1819-1838, 2013b. 8 Carturan L., Baldassi, G.A., Bondesan, A., Calligaro, S., Carton, A., Cazorzi F., Dalla (Fig 5B) , 2013 to 2014 (Fig. 5C) , and 2011 to 2014 (Fig. 5D ). 
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